Ambient air pollution including ozone and especially particulate matter represents important causes of cardiovascular disease. However, there is limited knowledge on indoor air dust with respect to this risk and the potential interactions between dust and ozone. Here, we exposed 23 healthy elderly subjects for 5.5 h, to either clean air, house dust at 275 mg/m 3 (diameter < 2.5 mm), ozone at 100 ppb or combined house dust and ozone in a double-blinded randomized cross-over study. The combined house dust and ozone exposure was associated with a 48% (95% CI 24%-65%) decrease as compared with the clean air exposure, in CD34 þ KDR þ late endothelial progenitor cells (EPCs) per leukocyte in the blood shortly after exposure, whereas none of the single exposures resulted in a significant effect. The combined exposure also increased reactive oxygen species production capacity in granulocytes and monocytes as well as an up-regulation of interleukin-8 mRNA levels in leukocytes. Ozone alone reduced the gene expression of tumor necrosis factor and C-C motif chemokine ligand 2, while dust alone showed no effects. The combined exposure to house dust and ozone also reduced levels of oxidized purines in DNA consistent with concomitant up-regulation of mRNA of the repair enzyme 8-oxoguanine DNA glycosylase. The reduction in late EPCs can be an indicator of cardiovascular risk caused by the combination of pulmonary oxidative stress induced by ozone and the inflammatory potential of the house dust. These data were corroborated with in vitro findings from exposed human macrophages and endothelial cells.
Exposure to particulate matter (PM) in ambient air increases the risk of cardiovascular disease (CVD) with the elderly population being particularly susceptible (Newby et al., 2015; Wang et al., 2015) . However, there is little knowledge on cardiovascular effects of the exposure to house dust or PM from indoor sources in high-income countries. Yet, the annual burden of disease caused by indoor air pollution was recently estimated to a loss of 2 million life-years in Europe (Asikainen et al., 2016) . Sources of PM in indoor air include combustion processes such as burning of candles, cooking, tobacco smoke, and woodstoves as well as penetration of vehicle emissions from ambient air (Morawska et al., 2013) . In addition, indoor PM can comprise, interact with or adsorb endotoxins, glucans or biologically active aerosols from bacteria, viruses or fungi (Prussin and Marr, 2015) . Ozone concentrations tend to be lower indoors than outdoors due to reactivity which can form secondary oxidation products, whereas the time-integrated exposure is similar for both outdoor and indoor settings because of the longer time spend indoors (Weschler, 2006) . Indoor exposure to PM 2.5 (diameter < 2.5 mm) has been associated with reduced microvascular function and increased biomarkers of inflammation, whereas biological components in settled house dust have only been associated with elevated markers of inflammation Karottki et al., 2013 Karottki et al., , 2014 Karottki et al., , 2015 . Systemic effects of PM involve oxidative stress and inflammation, although there are inconsistent findings in human exposure studies and animal models . Controlled human exposure studies with ozone concentrations above 75 ppb have shown elevated levels of biomarkers of oxidative stress and inflammation, supported by animal experiments, whereas epidemiological studies of ambient air levels have been inconclusive with regards to systemic endpoints (Goodman et al., 2015) . A recent study showed acute adverse effects of higher ozone levels on inflammatory biomarkers and heart-rate variability in healthy subjects (Arjomandi et al., 2015) , whereas heart-rate variability and vascular function were unaltered by ozone exposure in another study (Barath et al., 2013) . The concomitant exposure to ozone and PM can lead to enhanced effects in terms of airway inflammation shown in a controlled exposure study with ozone and diesel exhaust (Bosson et al., 2008) . Similarly, concomitant exposure to house dust and ozone appeared to augment effects on lung function and discomfort (Mølhave et al., 2005) .
It has been hypothesized that circulating endothelial progenitor cells (EPCs) are pivotal in the maintenance of endothelial tissue, and declining levels of EPCs have been associated with both increased carotid artery intima media thickness (Fadini et al., 2006) and increased incidence of cardiovascular events as well as related mortality (Schmidt-Lucke, 2005; Werner et al., 2005) . The surface marker CD133 expressed in EPCs upon release into circulation is lost upon maturation allowing discrimination between early or late EPCs (Hristov, 2003) . Exposure to ambient air PM has been associated with increased levels of early EPCs and decreased levels of mature late EPCs (Brook et al., 2013; DeJarnett et al., 2015; Haberzettl et al., 2012; Heiss et al., 2008; Niu et al., 2013; O'Toole et al., 2010; Pö ss et al., 2013) . Although such knowledge is limited regarding indoor air PM, a recent study found levels of late EPCs inversely associated with indoor levels of ultrafine particles (Jantzen et al., 2016) .
The aim of this study was to investigate the effects of 5.5 h controlled exposure to indoor house dust and/or ozone on EPCs, inflammation and oxidative stress in healthy elderly subjects who may be at risk of developing CVD. Systemically circulating EPCs were chosen as intermediate mechanistic step in this pathogenesis. Oxidative stress was assessed in whole blood by measuring the production of reactive oxygen species (ROS) in individual leukocyte subpopulations, both spontaneously and after stimulation with carbon black (CB) nanoparticles (Jantzen et al., 2016) . In addition, oxidative stress was assessed as oxidized nucleobases and DNA strand breaks (SBs) in peripheral blood mononuclear cells (PBMCs) that are well-described responses to PM exposure . Oxidatively damaged nucleobases, including 8-oxoguanine and ring-opened purine lesions, are removed from DNA by 8-oxoguanine DNA glycosylase (OGG1). The gene expression of OGG1 and heme oxygenase-1 (HMOX1) was measured in whole blood as markers of DNA repair and oxidative stress, respectively. Finally, inflammation was assessed by the expression levels of C-C motif chemokine ligand 2 (CCL2), interleukin-8 (IL8), and tumor necrosis factor (TNF).
METHODS-HUMAN EXPOSURES
Study population. A total of 24 healthy elderly participants (aged 62-72 years) were enrolled in the study following informed written consent. One participant did not complete the study due to personal reasons, leading to a total study population of 23 participants (14 males and 9 females). The participants were nonsmoking and all attended a medical evaluation, including medical history assessment and a clinical examination, prior to being enrolled. The effect of exposure on respiratory symptoms is to be reported elsewhere. The exclusion criteria for participation in the study were a medical history of disease that may affect cardiopulmonary measurements and abnormal lung function and/or bronchial hyper-responsiveness (diagnosed by additive provocative doses between 0.063 and 0.241 mg methacholine inducing a !20% decrease in forced expiratory volume in first second-FEV 1 ). In addition, all subjects were free from upper airway infections or airway symptoms for at least 1 week and had not taken any drugs for 48 h prior to study exposure. The study was approved by the committee on Health Research Ethics in the Central Region of Denmark (file no. 1-10-72-439-12) and registered as a controlled clinical trial at ClinicalTrials.gov (file no. NCT02017782).
Exposures and design. The study was designed as a randomized, double-blinded, controlled cross-over exposure experiment. The exposures were administered by a technical staff member, who did not participate in the processing of samples. The researchers, medical staff attending the experiment and participants were not informed about the type of exposure. In addition, the analyses were performed on coded samples. The participants were exposed in groups of 4 with each participant attending all 4 exposure settings, with a gap of at least 2 weeks between each exposure, thereby acting as their own control. The study was balanced in a way that the order of exposures was different between the groups. The exposures were conducted in a highly regulated welded stainless steel climate chamber of 79 m 3 , optimized for experiments with gasses and particulate air pollution including exposure generators for airborne house dust and ozone. The participants were instructed to take a shower, carry clean clothes and not use perfume or cosmetics on days of exposure. In the exposure chamber, the participants wore clean-suits (Clean Guard T65XP) and were seated at predefined seats within the chamber. The controlled exposure scenarios started with an acclimatization period of 30 min with clean filtered air, followed by 30 min build up to the specific exposure. After reaching the specific exposure level, the participants were exposed at rest for a further 5-5.5 h. Refreshments and light meals were served following 2 h of exposure. The controlled exposures included: clean filtered air, house dust (target PM 2.5 concentration of 275 mg/m 3 ), ozone (target concentration of 100 ppb) and a combination of house dust and ozone (target PM 2.5 concentration of 275 mg/m 3 and ozone concentration of 100 ppb). These concentrations are higher than real-time indoor levels, although they correspond to reasonably 24-h concentrations of dust (%60 mg/m 3 ) and ozone (%20 ppb).
The magnitude of exposure was based on a balance between a clear exposure gradient, avoiding excessively concentrations, and a feasible duration in the stay in the exposure chamber. The dust concentration was selected to be similar to previous controlled exposure to wood smoke (ie, 220-354 mg/m 3 ) (Forchhammer et al., 2012) . We selected an ozone concentration (100 ppb) that was above the 75 ppb ("threshold" for elevated levels of biomarkers of oxidative stress and inflammation according to Goodman et al., 2015) and within the same range as previous controlled exposure studies (Bosson et al., 2008; Barath et al., 2013) . The resuspension rate was regulated during the exposure sessions to maintain a constant concentration of PM 2.5 of 275 mg/m 3 monitored by a Dusttrak Aerosol Monitor 8520 equipped with a PM 2.5 inlet (TSI, St Paul, Minnesota). The chamber air was further monitored for particle number concentrations in the aerodynamic diameter range 20-1000 nm by a PTrak condensation particle counter (TSI) and for number distribution of particles with aerodynamic diameter up to 300 nm, between 300 and 500, 500 and 700, 700 and 1000, 1000 and 3000, 3000 and 5000, 5000 and 7000, 7000 and 10 000, and above 10 000 nm by a Lighthouse Solair (Lighthouse Worldwide Solutions, Freemont, California). PM 2.5 from the exposure chamber was further collected on glass fiber filters (47 mm) by means of a PM 2.5 sampler (BGI Inc., Waltham, Massachusetts) for mass analysis. The ambient exposure conditions, in terms of temperature, relative humidity, ventilation rates, and CO 2 concentrations, were monitored during the different exposure scenarios. Following exposure, 8 ml of peripheral venous blood was sampled in K 3 -tubes (BD Biosciences, Denmark) containing EDTA as anticoagulant for EPCs, ROS measurements and leukocyte differential counts. Next, blood samples used for measurements of genotoxicity were collected in PBMC isolation tubes (Vacutainer, BD, Denmark). Following PBMC isolation by gradient centrifugation, the PBMC samples were stored at À80 C in a premade freezing medium containing 50% fetal bovine serum (GibcoRBL), 40% nonsupplemented RPMI1640 cell culture medium (GibcoRBL) and 10% dimethyl sulfoxide. Finally, for the gene expression measurements, 7 ml of peripheral whole blood samples were collected in Tempus RNA tubes (P/N 4342792, Applied Biosystems, Denmark).
Collection and characterization of house dust. The house dust used for the exposure scenarios was collected from private homes during October and November, just prior to the study. The dust represented realistic house dust from homes of the general population. The house dust was harvested from used vacuum cleaner bags from 20 healthy volunteers living in homes without any known indoor climate problems, such as mold, moisture damage, pets or smoking. These volunteers were instructed to avoid any unusual objects when vacuuming (such as plant soil). Following harvesting of the vacuum cleaner bag content, it was processed to separate the dust into fine and coarse fractions as previously described in Mølhave et al. (2005) . The vacuum cleaner bag content was first passed through a filter with 2.5 mm pores. After homogenization of the dust, it was stored in vacuum-alubags and composed the bulk fraction of house dust used in the experimental settings. This final fraction used for the controlled exposures was characterized for level of endotoxin, glucan and allergens (cat, dog and dust mites), which were found at similar levels as reported previously from studies in Denmark and Sweden (Callesen et al., 2013; Choi et al., 2014) . Furthermore, the hydrodynamic size distributions of dust samples in ELGA water (ultrapure water of resistivity of 18.2 X cm À1 , by ELGA maxima water systems) and RPMI1640 (Gibco, Denmark) cell culture medium was analyzed by Nanoparticle Tracking Analysis using a Nanosight LM20 (NanoSight, Amesbury, UK). In addition, transmission electron microscopy (TEM) (Philips CM20, FEI, Oregon) was applied for size and shape characterization of the house dust samples.
Endothelial progenitor cells. The collected blood samples were analyzed for EPCs using polychromatic flow cytometry, defining EPCs as events within the leukocyte gate with a CD34 þ KDR þ antigenic profile expressed as per cent EPCs per leukocyte, as previously described in Schmidt-Lucke (2005) with a few modifications. We further used the presence or absence of the differential progenitor marker CD133 to separate the EPCs into early or late subpopulations, respectively (Hristov, 2003) . Blood samples from the study participants were immunostained with antihuman monoclonal antibodies (15 min, 25 C, dark) for CD34
(PE-CY conjugated, BD Biosciences), CD133 (APC conjugated, Miltenyi Biotec, Sweden), and CD309/KDR (PE conjugated, BD Biosciences), followed by hemolysis (20 min, 25 C, dark) using
Pharmlyse buffer (BD Biosciences). Finally, samples were washed and resuspended in Stain buffer (demineralised phosphate buffered saline (DPBS), pH 7.4, 2% Fetal Bovine Serum (FBS), 0.09% sodium azide, BD Pharmingen, Denmark). The samples were analyzed utilizing a BD Accuri C6 flow cytometer (BD Biosciences) using a flow rate of 66 ml/min and a threshold of 1 Â 10 5 events above 5 Â 10 5 FSC-H to avoid contribution from lysed erythrocytes and thrombocytes with relevant isotypes used as controls and positive events defined using Boolean logics.
Production of ROS. ROS production was measured by flow cytometry in 3 leukocyte subtypes (lymphocytes, monocytes and granulocytes) categorized by their size and granularity as previously described in Jantzen et al. (2016) . In brief, 2 different measurements of ROS production were obtained, termed "basal" and "capacity" for ROS production. Intracellular ROS production was measured following exposure to Printex 90 CB from Evonik Industries, Frankfurt, Germany (primary particle size 14 nm; surface area 300 m 2 /g). This type of CB has been shown to increase ROS production in primary endothelial cells and monocytes in vitro . ROS measurements were performed on the same batches of peripheral blood that were used for measuring EPC levels. CB was suspended in ELGA water at a concentration of 1 mg/ml using a Branson Sonicator at 450 W and 10% amplitude (24 cycles of 10 s sonication and 10 s break to avoid overheating). Following suspension, CB was diluted in Stain buffer containing DPBS (pH 7.4), 2% FBS and 0.09% sodium azide (BD Pharmingen, Denmark). The whole blood samples were exposed (dark, 25 C) for 1 h to CB at concentrations of 0, 2, 5, and 15 mg/ml. Following CB exposure, samples were incubated (20 min, 25 C, dark) with a hemolysis buffer (BD PharmLyse, BD Bioscience). Subsequently, samples were centrifuged (5 min, 300 g, 25 C) and washed in Stain buffer twice before incubation in Stain buffer containing 2 mM of 2, 7-dichlorodihydrofluorescein (DCFH) diacetate (Sigma-Aldrich, Denmark) (15 min, 25 C, dark) after hydrolysis. The samples were once again centrifuged (5 min, 300 Â g, 25 C), washed and resuspended in Stain buffer before being analyzed in a BD Accuri C6 flow cytometer installed with BD Accuri CFlow Plus software for data analysis (BD Bioscience). The median DCFH fluorescence was used as a measure of ROS production for each leukocyte population (Supplementary Figure 1) . ROS production at 0 mg/ml was defined as the basal/resting level, whereas the capacity for ROS production was assessed by area under curve of DCFH fluorescence at CB concentrations of 0, 5, and 15 mg/ml, (with the basal ROS levels subtracted). These CB concentrations were chosen because they give rise to clear increases in the intracellular ROS production, whereas they are sufficiently low to avoid a saturation of the ROS production at high concentrations (Jantzen et al., 2016)
DNA damage. Biological effects of house dust in vitro. The purpose of the in vitro experiments was to characterize the inflammatory and ROS production potential of the dust. An array of in vitro biological end-points was investigated in activated monocytes (THP-1a cells; macrophage-like phenotype) and primary human umbilical vein endothelial cells (HUVECs). These assays included the WST-1 cytotoxicity assay, the intracellular DCFH-DA assay and 8 cytometric bead array flex sets. The cytotoxicity, ROS production and cytokine release were measured following 24 h exposure of cells and described in detail in the Supplementary Material.
Statistics. All statistics were performed using STATA/IC v.13.2. For the human exposures, we used mixed-model linear regression to compare ozone and dust as single factors and the interaction between these factors for effects on the biomarkers after exposure. Variables with unequal variance were logtransformed before analysis. We have only highlighted the pvalue for interactions between dust and ozone in datasets with a statistically significant interaction term; otherwise p-values are single-factor effects of either dust or ozone. The results from the human exposures are expressed as percentage change with 95% CIs relative to the negative control (clean air exposure) based on the regression coefficient, for log-transformed variables after exponential transformation. The in vitro effects of house dust samples were tested for significant results using 1-way analysis of variance. The data were accepted as statistically significant at 5% level. The in vitro data expressed as mean 6 SD.
RESULTS

Exposures and House Dust Characterization
The temperature, relative humidity, air exchange rate, CO 2 , ozone and house dust concentrations are summarized in Table 1 . Overall, the target concentrations of ozone and house dust in terms of PM 2.5 mass concentration were achieved in the relevant exposure scenarios. During exposure to dust alone, particles with aerodynamic diameter between 1 and 3 mm were highly abundant irrespectively of the presence of ozone. This size range dominated the particle number concentration when ozone was not present, whereas the presence of ozone caused even higher particle levels in the size range below 300 nm. These small particles were in all probability due to reactions with organic compounds as supported by peak levels during meals (data not shown). The absolute particle number concentration recorded by the P-Trak instrument was substantially higher than those recorded by the Lighthouse instrument, whereas the pattern across the exposures was very similar for both instruments. The measurements of hydrodynamic size distributions of dust samples in water or cell culture medium (Supplementary Figure 2) showed a median size range of around 146Â247 nm, depending on the concentration and vehicle used for suspension. TEM measurements (Supplementary Figure 3) showed house dust fractions of varying size with many particles in the nanometer size range and high electron density, whereas other slightly larger particles also had lower electron density. The levels of allergens were in the same range as what has earlier been found in house dust from homes in Denmark and Sweden (Callesen et al., 2015; Choi et al, 2014) and is described in detail in the supplement section (Supplementary Table 1 ).
Endothelial Progenitor Cells
Concomitant exposure to house dust and ozone caused a 48% (95% CI: [À24% to À65%]; p ¼ .001) decrease in the late EPC (CD34 þ KDR þ ) levels ( Figure 1A) . Neither of the single-factor exposures induced statistically significant changes in EPC levels, although subjects exposed to ozone alone displayed a nonsignificant decrease in late EPC levels of 32% (95% CI: [À54% to 0.2%]; p ¼ .051). The levels of early EPCs (CD34
showed no significant change after any of the exposures ( Figure 1B) .
Production of ROS
The subjects exposed to the combination of house dust and ozone showed significantly increased capacity for ROS production in monocytes (p ¼ .01) and granulocytes (p ¼ .005) by 30% (95% CI: [7%-53%]) and 25% (95% CI: [8%-43%]), respectively. In contrast, subjects exposed to ozone alone showed decreased basal levels of ROS production in monocytes (p ¼ .006) and granulocytes (p ¼ .03), by 16% (95% CI: [À5% to À27%]) and 14% (95% CI: [À1% to À26%]), respectively. Furthermore, monocytes from subjects exposed to ozone alone displayed a 23% (95% CI: [À1% to À46%]) reduced capacity for ROS production (p ¼ .039). Exposure to house dust alone caused no significant change in the basal (Figure 2 ) and capacity of ROS production (Figure 3 ).
Genotoxicity
The individual exposure to house dust or ozone did not change the levels of genotoxicity in PBMCs. However, concomitant exposure to house dust and ozone decreased the levels of both oxidized purines (FPGss) and total genotoxicity defined as the sum of Figure 4A) . Neither THP-1a cells nor HUVECs changed their ROS production in response to house dust exposure (Supplementary Figure 4B) . Exposure of THP-1a cells to house dust increased secretion of all tested proinflammatory cytokines (IL1b, IL6, TNF, and MIP-1), granulocyte-colony stimulating factor, vascular endothelial growth factor (VEGF) as well as intercellular and vascular adhesion molecules (ICAM1) in a concentration dependent manner (Supplementary Figure 5) . These effects appeared to stagnate slightly at high concentrations, possibly due to cytotoxicity (Supplementary Figure 4A) . HUVECs were observed to increase the secretion of ICAM1 and the proinflammatory cytokine IL-6 upon exposure to house dust (Supplementary Figure  6) . These experiments were carried out on the original homogenized dust samples, the dust from the concomitant exposure scenario were not recollected.
DISCUSSION
The concomitant exposure of elderly subjects to house dust and ozone for 5.5 h was associated with a 48% reduction in levels of late EPCs, whereas ozone alone had a lesser effect of borderline statistical significance. The concomitant exposure furthermore increased the capacity for ROS production in monocytes and granulocytes, as well as upregulated expression of genes related to inflammation and oxidative stress in leukocytes. In contrast, downregulated expression of inflammatory genes and decreased basal ROS production in monocytes and granulocytes were observed following exposure to ozone alone. Only the concomitant exposure had a significant effect on genotoxicity, which was observed as decreased levels of DNA lesions related to oxidative stress. The exposure to house dust alone did not result in any significant effects on any of the end-points measured.
The house dust had limited inherent capacity of inducing oxidative stress as indicated by the ROS measurements in our in vitro analyses, although we observed a nonsignificant increase following exposure to high concentrations of dust in THP-1a cells. The proinflammatory effects of house dust exposure in macrophages are in keeping with other studies that have shown proinflammatory effects of house dust in terms of IL-8 production in lung epithelial (A549) cells and monocytes (Allermann and Poulsen, 2002; Allermann et al., 2003 Allermann et al., , 2007 , probably as a consequence of the content of proinflammatory compounds like LPS and b-glucans (Zhong et al., 2015) . Moreover, the dust exposure was dominated by airborne particles with aerodynamic diameter between 1 and 3 mm with usual alveolar deposition fraction around 10%-15% according to the International Corporation for Radiation Protection deposition model (ICRP, 1994) . TEM analysis demonstrated that the dust consisted of particles with diameter down to 10 nm and variable electron density, whereas in suspension the largest fraction of particles showed hydrodynamic diameters of around 146-247 nm. Due to the relatively small primary size of particles the dust has a large surface area that can carry bio-reactive components and convey a large potential for cellular interactions (Oberdö rster et al., 2005) .
The inhalation of ozone may induce oxidative stress within the respiratory lining fluid, although it is not readily available as an oxidant within the systemic circulation following exposure; therefore systemic effects might be caused by a spill-over of pulmonary oxidant reaction products and/or mediators from activation of inflammation upon cell injury (Goodman et al., 2015) . This theory is supported by a study of short-term exposure to ozone in healthy adults that showed increased expression of vascular endothelium adhesion molecules P-selectin and ICAM1 (Stenfors et al., 2002) . Another study showed that serum from ozone exposed mice contained bio-reactive molecules that promoted endothelial dysfunction in the aorta rings from nonexposed mice (Robertson et al., 2013) . The observation that ozone exposure lowered inflammatory gene expression in our study could be a possible explanation for the reduction in ROS production in monocytes and granulocytes. This reduction was more profound in monocytes as they had decreased CB-induced ROS production levels. Indeed, this could be attributed to the observed reduction of TNFA and CCL2 expression with the former being crucial to governing overall acute phase inflammation, which includes the recruitment of granulocytes and monocytes. Additionally, CCL2 is a proinflammatory chemokine involved in recruitment and activation of monocytes (Gu et al., 1999) .
The decline of late EPC levels after the combined exposure to house dust and ozone at realistic environmental concentrations for 5.5 h indicates an adverse effect on the endothelium, which could be due to acute endothelial damage followed by a selective sequestering of late EPCs to the affected site during the repair process. This finding is in keeping with animal and observational studies reporting decreased levels of late EPCs associated with ambient PM 2.5 exposure (O'Toole et al., 2010; Pöss et al., 2013) . However, it also emphasizes that the combination of ozone and PM 2.5 is responsible for the stronger effect, indicating that reactive species are an important driving force in this reaction in line with the earlier study (Mølhave et al 2005) . Importantly, the level of circulating late EPCs has been shown to be an independent predictor of cardiovascular events (Schmidt-Lucke, 2005; Werner et al., 2005) . It has been shown that exposure to ambient PM 2.5 decreased the level of late EPCs in mice attributed to VEGF desensitization and increased production of EPC in the bone marrow (Haberzettl et al., 2012) . In a cross-sectional study, a comparison between 2 Chinese cities with similar mass-based levels of ambient air PM 2.5 , but very different levels of metal content, showed that both early and late EPC levels were lower in women from the city with high metal content (Niu et al., 2013) . We have previously found that late EPC levels are inversely related to indoor but not outdoor levels of ultrafine particles among healthy subjects highlighting the importance of indoor air exposure on late EPC levels (Jantzen et al., 2016) . It is possible that the responses reported in the present study were due to the particular doses and exposure periods selected. For the ozone only exposure, a higher concentration or a longer period of either exposure or observation might have shown a significant change of late EPCs, considering the slight reduction of late EPCs following ozone exposure (32% decrease (95% CI: [À54% to 0.2%]). Nevertheless, it has been shown that acute exposure to ozone did not result in microvascular dysfunction and altered heart-rate variability, although the duration of exposure was considerably shorter (75 min), whereas the ozone concentration was higher (300 ppb) than that used in this study (Barath et al., 2013) . Furthermore, we did not observe any effect on the levels of early EPCs recruited from the bone marrow in response to vascular injury before maturation into the late EPC subtype. In a time-lapse study with 30 min exposure to secondhand smoke, circulating levels of early EPCs showed a transient increase peaking at 1 h postexposure, whereas the late EPCs showed increased levels for 1 to at least 24 h after exposure (Heiss et al., 2008) ). Furthermore, increased levels of early EPCs have been reported in studies investigating exposure to outdoor air pollution (Brook et al., 2013; DeJarnett et al., 2015) . The capacity for production of ROS in leukocyte subpopulations. The capacity for increasing production of ROS in response to CB in (A) lymphocytes, (B) monocytes, and (C) granulocytes, measured using flow cytometry, in terms of the integrated response between 2, 7-dichlorodihydrofluorescein fluorescence (FL) and CB concentrations, within the subpopulation. Investigated subjects were exposed to clean air, house dust (dust), ozone (O 3 ), or house dust and ozone in combination.
The mean values are represented by horizontal lines and significant changes compared with the clean air exposure group are provided with a p-value (n ¼ 23).
Outdoor PM induces both oxidative stress and inflammation and the effects of a combination of ozone and house dust could be similar. Indeed, our results indicate that the collected house dust mainly induces inflammation, whereas ozone is considered to contribute to oxidative stress. The inflammatory potential of the dust is driven by both biological components and particles. In our experiments, combined acute ozone-induced local oxidative stress injury might allow for elevated cellular uptake of house dust and subsequent increased release and systemic translocation of mediators and/or reaction products. Indeed, only the concomitant exposure induced a systemic oxidative stress response in terms of increased OGG1 expression and ROS production capacity in monocytes and granulocytes, combined with a proinflammatory response in terms of IL8 expression, whereas ozone alone reduced ROS production and inflammatory gene expression. The contrasting effect of the concomitant exposure to house dust and ozone may similarly be related to changes in gene expression. This is highlighted by increased IL8 expression. IL8 is a potent activator of granulocytes (mainly neutrophils) via increased chemotaxis (Holmes et al., 1991) , which might explain the increased ROS production in neutrophils. In addition, ozone may oxidize surface components of house dust, leading to formation of redox active and inflammogenic constituents in the dust (Weschler, 2006) .
In line with increased ROS production in monocytes and granulocytes following the concomitant exposure scenario, levels of OGG1 mRNA were also increased. It was noted that levels of oxidative stress related DNA lesions in terms of FPGss, decreased following the concomitant exposure. Both the OGG1 expression level and FPGss are established biomarkers of oxidative stress and may inversely correlate because OGG1 excise 8-oxoguanine and ring-opened purine bases from the DNA strand. The decreased levels of FPGss and increased OGG1 expression has previously been reported following 5 h exposure to wood smoke . Here, we did not see any significant changes in leukocyte differential counts following exposure to ozone and house dust in combination, which indicates that the observed changes in gene expression are not driven by changes in the composition of leukocyte subpopulations.
In conclusion, the data show an association between acute concomitant exposure to ozone and house dust and altered levels of circulating EPCs that are considered to be novel indicators of risk of developing CVD in elderly healthy subjects. The mechanistic endpoints of CVDs can be attributed directly to the exposure because the subjects were their own controls; thus, the study has controlled for other risk factors of CVD, including lifestyle. This may indicate that acute systemic effects could depend on a source of both oxidative stress and inflammation, which challenges the proposed hierarchical relationship between these 2 mechanisms. Several studies report that circulating levels of EPCs can be restored to normal levels upon the removal of the risk factor (Brook et al., 2013; Heiss et al., 2008; Kondo, 2004) . Thus, it is difficult to assess direct physiologic effects as the decrease in late EPC levels observed after the concomitant exposure may recover upon the cessation of the exposure, although this was not investigated. Nevertheless, exposure to house dust and ozone are ubiquitous and the present results call for further study of indoor air quality and CVD risk as well as abatement strategies.
SUPPLEMENTARY DATA
Supplementary data are available at Toxicological Sciences online. . Gene expression. Expression of genes related to oxidative stress, in terms of (A) HMOX1 and (B) OGG1, and genes related to proinflammatory signaling, in terms of (C) TNFA, (D) CCL2, and (E) IL8, expressed as ratios between mRNA of the relevant gene of investigation and an 18S rRNA control using quantitative PCR. Gene expressions were measured in total leukocytes with the investigated subjects were exposed to clean air, house dust (dust), ozone (O 3 ), and house dust and ozone in combination. Mean values are represented by horizontal Lines and significant changes compared.
